1. Introduction {#sec1}
===============

Current developments toward ubiquitous wearable electronic devices, for example, for health monitoring, communication, and entertainment^[@ref1]−[@ref4]^ have resulted in a growing interest in combining such devices with textile materials that are worn every day.^[@ref5],[@ref6]^ Electronic textiles (e-textiles) have already been shown to function as sensors, actuators, memory devices, energy harvesters, and energy storage devices.^[@ref7]−[@ref11]^ Electronic functionality can be imparted to textiles by several means, for example, printing or coating allow for versatile patterning of the material.^[@ref12]−[@ref15]^ However, these methods tend to result in a material, which is sensitive to wear and abrasion. To enable the practical use of e-textiles in everyday life, the material needs to be robust and able to withstand wash and wear. Electrically conducting yarns enable the manufacture of e-textiles without the loss of the intrinsic advantages of textile materials, including softness, flexibility, stretchability, and breathability. Access to conducting yarns as an e-textile component also allows for the design of intricate patterns in textiles via embroidery, jacquard weaving, or knitting, thereby providing a high degree of freedom in the design of wearable electronics.^[@ref7],[@ref16]^

Several types of conductive fibers and yarns have been developed at this point, including solid metal filaments,^[@ref17],[@ref18]^ fibers covered with metal-based materials such as metal nanoparticles or nanofibers,^[@ref19]−[@ref24]^ or deposited metal or metal oxide films,^[@ref25]−[@ref27]^ as well as fibers where conductivity is imparted by conjugated polymers^[@ref28]−[@ref30]^ or carbon-based materials, e.g., carbon nanotubes (CNTs) or graphene.^[@ref31],[@ref32]^ We observe that there is a trade-off between conductivity and wearer comfort, where the coating imparts a high conductivity but also makes a textile less comfortable to wear. For example, copper filaments have an excellent conductivity of 6 × 10^5^ S/cm, but they are unsuitable for wearable applications because of their limited stretchability.^[@ref17]^ Although fibers dyed with conducting polymers can be integrated into wearable devices, the conductivity of those fibers is limited to ∼70 S/cm, which must be improved further.^[@ref16]^ Fibers covered by metal^[@ref28]−[@ref30]^ or carbon-based materials^[@ref31],[@ref32]^ showed higher conductivities than those fabricated with conducting polymers but such fibers tend to lose their conductivity during machine washing.

Here, we propose that a way forward is to combine Ag nanowires with a conducting polymer. Ag nanowires can be synthesized in large volumes through a polyol reduction solution process and can impart conductivity to textile fibers and yarns via a simple dip-coating procedure.^[@ref33]−[@ref36]^ In addition, a coating of Ag nanowires is composed of a network structure that can accommodate deformation, thereby resulting in excellent mechanical robustness.^[@ref37]−[@ref40]^ We find that a layer of Ag nanowires on silk fibers forms a highly conductive network. After the addition of the conducting polymer:polyelectrolyte complex poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS),^[@ref7],[@ref16],[@ref41],[@ref42]^ the yarns display both excellent mechanical robustness under deformation, and can be machine-washed without loss of conductivity. Since Ag nanowires are required to cover only the surface of the yarns, and a coverage of ∼74% is sufficient to impart conductivity, the material consumption is much lower than that of their metal particle or nanowire-embedded polymer fiber competitors, where more than ∼30 vol % of metal particles or nanowires are needed to form conducting paths through the entire volume of fibers.^[@ref43]−[@ref47]^

We now demonstrate a machine-washable Ag nanowire/PEDOT:PSS-based conductive silk yarn with an outstanding conductivity of up to ∼320 S/cm and excellent washability compared to that of Ag nanowire-only coated yarns. To prepare these yarns we developed a sequential batch coating process that involves repeated coating with Ag nanowires followed by coating with PEDOT:PSS, which ingresses into individual silk filaments and strongly binds through electrostatic interactions.^[@ref7],[@ref16]^ To demonstrate that our yarns can be readily used to construct wearable electronics, we fabricated an all-textile out-of-plane thermoelectric device that featured a p-type leg composed of the PEDOT:PSS-coated yarn and interconnects composed of the Ag nanowires/PEDOT:PSS-coated yarn. Furthermore, we designed a woven heating fabric using our conductive yarn as the Joule heating element.

2. Experimental Section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

Ag nanowire solution (0.5 wt % in isopropyl alcohol, Merck), degummed (i.e., the natural sericin has been removed) silk yarn (Aurora Silk, diameter: ∼236 μm), PEDOT:PSS dispersion (PH1000, Heraeus, 850 S/cm, ∼1.3 wt % of solid content), ethylene glycol (EG) (Sigma-Aldrich), silk detergent (Zenit), and 4 g/dm^3^ ammonia (25%, Merck Millipore) were all used as received. According to the certification of analysis from Merck, the Ag nanowires have an average diameter and length of 40 ± 5 nm and 35 ± 5 μm ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04316/suppl_file/am0c04316_si_001.pdf)), respectively. The PEDOT:PSS dispersion was prepared as a mixture of PEDOT:PSS and 5 vol % EG.

2.2. Fiber and Textile Preparation {#sec2.2}
----------------------------------

Prewashing of the silk was conducted to remove any contamination on the surface by stirring at 200 rpm in a mixed solution of 800 mL deionized water, 3.23 mL silk detergent, and 3.23 mL ammonia for 30 min at 40 °C. The silk content in the mixed washing solution was ∼0.35 wt %. The washed silk yarn was dried at room temperature for 24 h before usage. The washed silk yarn was dipped into an Ag nanowire solution and then baked at 180 °C for 5 min in air using a hot plate. The volume ratio of silk in the Ag nanowire solution was ∼0.2 vol %, and the wt % ratio of the silk and the Ag nanowires in the solution was ∼2.9:1. Next, the Ag nanowire-coated silk yarn was coated using the PEDOT:PSS solution by the same dip-coating process as that for the Ag nanowire coating followed by drying with a heat gun, which heated the air to around 100 °C. The volume ratio of the Ag nanowire-coated silk in PEDOT:PSS dispersion was ∼0.1 vol %. The drying continued until the PEDOT:PSS was resistant to rubbing. The PEDOT:PSS-only coated yarns were fabricated, as described above, leaving out the Ag nanowire coating process. Silk yarns were dipped into the PEDOT:PSS dispersion by the dip-coating process and dried with a heat gun.

A thermoelectric textile was manufactured by hand embroidering through eight layers of felted wool fabric (Wadmal, ∼1 mm thick, 3.2 g/dm^2^), which served as a thermal insulator. The thermoelectric p-type legs comprised previously reported PEDOT:PSS-coated silk yarns from our group,^[@ref16]^ and the Ag nanowire/PEDOT:PSS-coated yarns functioned as a connector between the p-type legs. Silver paste (Agar Scientific) was applied to minimize the contact resistance between the thermoelectric leg-pairs.

The Joule heating plain weave fabric was manufactured in a custom-built miniature loom with a flax yarn warp, where the Ag nanowire/PEDOT:PSS-coated yarns were inserted as the weft.

2.3. Electrical Characterization {#sec2.3}
--------------------------------

The Seebeck coefficient of the yarns was measured at 300 K by using a digital Seebeck controller (SB1000, MMR Technology) coupled with a temperature controller (K2000, MMR Technology). The length of the yarn used for the Seebeck coefficient measurement was ∼5 mm, the thermal load was 1--2 K, and a constantan wire was used as a reference.

To evaluate the thermoelectric effect of our textile device, the textile was placed on a hot plate that was set to different temperatures. A room tempered cooler was placed on top of the textile, and the respective temperatures were measured with two K-type adhesive thermocouples (Omega Engineering). The voltage generated by the module at different temperature gradients was measured using a source meter (Keithley 2400). Machine washing was conducted using a commercial washing machine (Daewoong Morning Calm) with 30 mL of commercial detergent (Spark, Aekyung Co. Ltd.) in 3 L of water. The detergent is reported to contain linear alkylbenzenesulfonates, α-olefin, zeolite, fatty acid, etc. The three yarns for each condition were put into a mesh laundry bag and then washed in the washing machine with 3 L of water. Each washing cycle was performed for 20 min at 30 °C. The mechanical stability was evaluated using a cyclic bending tester (Supporting Information [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04316/suppl_file/am0c04316_si_001.pdf)). For the tests, yarn samples were attached to a polyimide substrate (125 μm thickness, Dupont) with silver paste, which was then fixed to the bending machine with metal bolts that enabled in situ resistance monitoring. The bending radius was fixed at 1 mm, and each test lasted up to 300,000 cycles with a bending rate of 300 Hz. The resistance was measured in a two-point configuration using a digital multimeter (Agilent 34401A).^[@ref48]−[@ref50]^

2.4. Microscopy and Imaging {#sec2.4}
---------------------------

Field-emission scanning electron microscopy (FESEM, Leo Ultra 55) and optical microscopy (OM, Nikon, Eclipse LV150N) were used to characterize the surface texture of the yarns. To obtain cross-sectional images, the yarns were cooled with liquid nitrogen and then cut with a razor blade. An infrared (IR) camera (FLIR A645sc) was used to take the thermal images.

3. Results and Discussion {#sec3}
=========================

Our conducting silk yarns were fabricated using a multistep dip-coating procedure ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The prewashed silk yarn was repeatedly dipped into a 0.5 wt % Ag nanowire solution until the desired resistance value was achieved. Next, the Ag nanowire-coated silk yarn was coated with a PEDOT:PSS/EG water-based dispersion followed by drying with a heat gun. The addition of 5 vol % EG to the PEDOT:PSS coating formulation has been observed to enhance electrical conductivity and washability.^[@ref7],[@ref16]^ The PEDOT:PSS penetrated both the Ag nanowire layers and the silk yarn, resulting in a yarn with a macroscopically smooth surface ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) and a diameter of ∼230 μm. The final yarn diameter was not significantly affected by the number of Ag nanowire coating cycles but was instead determined by the relatively thick PEDOT:PSS layer. Cross-sectional ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b--d) and top view SEM images ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04316/suppl_file/am0c04316_si_001.pdf)) reveal that each individual filament in the yarn was covered by a composite coating of Ag nanowires and a PEDOT:PSS layer.

![(a) Schematic and description of the preparation of conductive silk yarns with an Ag nanowire/PEDOT:PSS composite coating. (b) Top view and (c, d) cross-sectional SEM images of individual filaments that make up the conductive silk yarns.](am0c04316_0001){#fig1}

The final conductivity of the Ag nanowire-based silk yarn can be controlled by the number of dip-coating cycles ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The conductivity was calculated according to σ = *L*/(*R* × *A*), where *L* is the length of the yarn, *R* is the resistance in a 2-point configuration measured after each dip-coating cycle, and *A* is the cross-sectional area of the yarn. *L*, *R*, and *A* were all measured after each dip-coating cycle. The conductivity of the silk yarns increased almost linearly as the number of Ag nanowire dip-coating cycles increased, and a conductivity of ∼284 S/cm was achieved after seven cycles. The addition of PEDOT:PSS further increased the conductivity to ∼320 S/cm because the conjugated polymer complex increases the amount of conducting material. PEDOT:PSS covers the Ag nanowires and provides additional conducting paths by filling the vacant spaces within the nanowire network. The increase in weight of the silk yarns after seven cycles of Ag nanowire coating and after the final PEDOT:PSS coating was ∼0.06 and 0.19 mg/cm, respectively, which implies that the fraction of PEDOT:PSS (0.13 mg/cm) in the Ag nanowire/PEDOT:PSS composite coating was larger than that of the Ag nanowires. Overall, the conducting silk yarn was composed of ∼0.13% conducting material by weight. The Seebeck coefficient of the Ag nanowire/PEDOT:PSS-coated silk yarns was ∼0.8 μV/K, which is similar in magnitude to silver (−0.2 μV/K as measured on a 300 μm-thick fine silver wire), albeit of different signs. The PEDOT:PSS-only coated yarn had a Seebeck coefficient of 15.0 μV/K. The fact that the Seebeck coefficient of our composite material is close to that of pure silver, i.e., does not abide by the rule of mixtures in composites, further confirms that the majority of current flow occurs through the Ag nanowire network and not the PEDOT:PSS in the composites.

![(a) Electrical conductivity of silk yarns as a function of the number of dip-coating cycles in the Ag nanowire solution. (b) Normalized conductivity of the silk yarns after (black) two, (red) three, and (blue) four dipping cycles as a function of the 180 °C postannealing time. σ~0~ indicates the initial conductivity before annealing. (c) Conductivity of the silk yarns as a function of the number of dip-coating cycles in Ag nanowire solutions of different concentrations.](am0c04316_0002){#fig2}

The electrical conductivity was further enhanced by postannealing at 180 °C ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), a standard procedure because the as-synthesized Ag nanowires are encapsulated by a very thin polyvinylpyrrolidone (PVP) layer that hinders current flow at the junction between the individual nanowires. During synthesis of Ag nanowires, PVP is added to promote anisotropic growth of Ag nanowires along the \<110\> direction, where the PVP encapsulates the \[100\] surface of Ag nanowires, allowing silver ions to attach only on the \[111\] surface.^[@ref51]^ By annealing at 180 °C, adjacent Ag nanowires were thermally fused, which reduced the junction resistance and thereby enhanced the conductivity.^[@ref52]^ The conductivity had saturated after 5 min of annealing; therefore, we opted to anneal all other samples for 5 min during the fabrication process.

To identify the minimal amount of material that is required to achieve a high electrical conductivity, we explored dip-coating into Ag nanowire solutions of various concentrations. The use of 0.5 and 0.25 wt % Ag nanowire solutions resulted in similar trends with regard to the increase in conductivity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Only one or two additional coating cycles were required for the yarn dipped in the 0.25 wt % Ag nanowire solution to achieve a similar conductivity to that of the yarn repeatedly dipped in the 0.5 wt % solution. Therefore, for efficient use of material, a 0.25 wt % Ag nanowire solution could be used instead of a 0.5 wt % Ag nanowire solution. When the Ag nanowire solution was diluted to a solid content \<0.25 wt %, at least 12 dip-coating cycles were required to achieve a high conductivity; thus, the highly diluted solutions are less efficient.

To examine the degree of machine washability of the Ag nanowire-based conductive silk yarns, the resistance change of the yarns with the Ag nanowire-only coating and with the optimized Ag nanowire/PEDOT:PSS composite coating was measured after each machine-washing cycle ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The silk yarn with the Ag nanowire-only coating showed a rapid increase in resistance by 4 orders of magnitude after only one washing cycle and became highly resistive after two washing cycles. The Ag nanowire/PEDOT:PSS-coated yarn only doubled its resistance even after ten washing cycles. The washability of the Ag nanowire/PEDOT:PSS-coated yarn was even superior to that of a widely used Ag-plated commercial conductive yarn ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04316/suppl_file/am0c04316_si_001.pdf)). The excellent washability of the Ag nanowire/PEDOT:PSS-coated yarn was attributed to a strong electrostatic interaction between the PEDOT:PSS coating and the silk. Conveniently, the low pH (≈2) of the PEDOT:PSS aqueous dispersion makes coating of silk materials relatively straight forward: at this low pH the silk filament surface will possess a net positive charge (isoelectric point pH ≈ 4), which provides electrostatic attraction to the negatively charged sulfonate groups of PEDOT:PSS. Moreover the addition of EG to the PEDOT:PSS dispersion results in a coating that is water-stable after drying,^[@ref53]^ possibly as a result of hydrogen-bonding between the EG and the PSS components.^[@ref54]^

![Normalized resistance change of silk yarns with Ag nanowire and Ag nanowire/PEDOT:PSS coatings as a function of (a) number of machine-washing cycles, and (b) number of bending cycles. (c) Stress--strain curves of the silk yarns with the composite coating of Ag nanowire and PEDOT:PSS (solid lines) and the change in normalized resistance measured during tensile tests (symbols). *R*~0~ is the initial resistance before testing, and *R* is the resistance measured under washing/bending/tensile tests.](am0c04316_0003){#fig3}

The robustness of the Ag nanowire-based conductive silk yarns was further confirmed by cyclic bending fatigue tests, where the samples experienced 300,000 bending cycles, during which we monitored the electrical resistance ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The silk yarn with the Ag nanowire-only coating showed a nearly two orders of magnitude increase in resistance after 300,000 bending cycles, whereas a less than 30% increase in resistance was observed for the Ag nanowire/PEDOT:PSS-coated conductive yarn. Because the Ag nanowires were only physically adsorbed on the surface of the silk yarn with the Ag nanowire-only coating, they were easily removed by repeated bending or wear. With the addition of the PEDOT:PSS layer, however, the Ag nanowires more tightly adhered to the silk, strongly enhancing the resistance to external mechanical damage. To further understand the electrical/mechanical performance of the conductive silk yarns with the Ag nanowire/PEDOT:PSS composite coating, tensile tests were performed while monitoring the resistance in situ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). The conductive silk yarns display a tensile strength of ∼750 MPa with a rupture strain of ∼23% and a linear shape in stress--strain curves. Evidently, the conducting Ag nanowire network is preserved at least up to the rupture strain with only a twofold increase in resistance at maximum strain.

To demonstrate that our Ag nanowire-based conductive silk yarns can be readily used to construct wearable electronic devices, we fabricated a model textile thermoelectric device for energy harvesting. Owing to the Seebeck effect, a thermoelectric device can generate a voltage when subjected to a temperature gradient. The device base unit is the thermocouple ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), which consists of two "legs" composed of one p-type carrier material and one n-type carrier material. The legs are connected electrically in series, typically by the use of a conducting component, e.g., silver paste and thermally in parallel. The open circuit voltage *V*~oc~ generated in response to a given temperature gradient Δ*T* can be predicted by:where α~p~ and α~n~ are the Seebeck coefficients of the p- and n-type materials, respectively.^[@ref7]^ The PEDOT:PSS-only coated yarn used in our study has a positive Seebeck coefficient of 15.0 μV/K, and the Ag nanowire/PEDOT:PSS-coated yarns display a positive but small Seebeck coefficient of 0.8 μV/K. The silver paste, applied laterally on each surface, will experience a very small temperature gradient over its own thickness. The Seebeck coefficient of our used silver paste was measured to be −0.2 μV/K, so we anticipate that it does not influence the voltage produced by our device. We hand embroidered our two yarns through a ∼10 mm thick multilayered wool fabric, to form an out-of-plane thermoelectric device that offers the possibility to be directly incorporated into clothing or upholstery. According to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, the open circuit voltage *V*~oc~/Δ*T* for the one thermocouple in our thermoelectric device was estimated to be 14.2 μV/K (dashed line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The slightly lower generated voltage that we measure is attributed to the presence of thermal contact resistances in our experimental setup, i.e., there is a temperature drop across the interfaces between the textile and the heat source and the cooler, respectively. Therefore, the thermocouple experiences a smaller Δ*T* compared to what our external sensors measure.

![Schematics of (a) a thermocouple and (b) its equivalent electric circuit. (c) Electrical measurement of a thermoelectric textile consisting of a single thermocouple, with the open circuit voltage, *V*~oc~, as a function of Δ*T*, and the power output as a function of the measured current at Δ*T* = 70 K. Insets are top and side view photographs of the out-of-plane thermoelectric device with one n-type leg composed of the Ag nanowire/PEDOT:PSS-coated silk yarn and one p-type leg composed of the PEDOT:PSS-only coated silk yarn.](am0c04316_0004){#fig4}

The thermoelectric device can be represented by an equivalent electric circuit ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) consisting of a voltage supply generating *V*~oc~, an internal resistance (in this case constituted by our embroidered textile plus the connecting silver paste) *R*~int~, and a load represented by a resistor *R*~load~. The power *P*~load~ generated can then be calculated as:where *V*~out~ is the voltage generated over the load resistance *R*~load~, and *I* is the circuit current. Because the maximum power *P*~max~ is found under load matching conditions, i.e., when *R*~load~ = *R*~int~ and consequently *V*~out~ = *V*~oc~/2, *P*~max~ for a certain Δ*T* can be predicted by:

The power output of our device was measured at Δ*T* ≈ 70 K while varying the load currents, and we recorded a maximum power output of 22.3 nW. We measured the internal resistance of our thermocouple to be ∼10 ohms, and so the predicted *P*~max~ = 24.7 nW matches the measured generated power. The power generated by our single thermocouple device exceeds that generated by multi-thermocouple devices in several previous reports,^[@ref55]−[@ref57]^ which can be largely attributed to the high conductivity of our yarns. The power output decreased as the Δ*T* decreased, as shown in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04316/suppl_file/am0c04316_si_001.pdf) in the Supporting Information.

The Ag nanowire/PEDOT:PSS composite-coated yarns were also used to weave a heating fabric to demonstrate the use of our yarns as a Joule heating element. The coated yarns were used as the weft in a plain weave textile ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04316/suppl_file/am0c04316_si_001.pdf)). As this fabric was connected, via crocodile clamps ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04316/suppl_file/am0c04316_si_001.pdf)), to a power supply and powered with 2--3 V, its temperature quickly increased ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b--d). Without the applied voltage, we measured a maximum temperature of 25 °C on the fabric (center: 22 °C) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). Upon the application of 2 V, the temperature rapidly increased to a maximum temperature of 64 °C (center: 33 °C) as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c, and an even higher temperature was achieved under the application of 3 V, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d. The respective IR images were taken no more than 30 s after the voltage was switched on. The natural texture of woven fabrics will influence their electrical properties due to the varying contact resistances between individual yarns in the weave, resulting in "hot spots" and some inhomogeneity in the temperature distribution. The achieved high temperature of the heating fabric upon application of a small voltage clearly shows the potential of our conductive yarns for use as the Joule heating element of a wearable heater.

![(a) Photograph of woven heating fabric using the Ag nanowire/PEDOT:PSS-coated conductive silk yarn as a Joule heating element, and IR camera images of the heating fabric when applying (b) no voltage, (c) 2 V, and (d) 3 V. The respective IR images were taken no more than 30 s after the voltage was switched on.](am0c04316_0005){#fig5}

4. Conclusions {#sec4}
==============

In this study, we developed a process to apply a Ag nanowire and PEDOT:PSS composite coating to form highly robust conductive silk yarns. The Ag nanowires were coated on silk via a simple dip-coating process and then a PEDOT:PSS dispersion containing 5 vol % of EG was used to coat the yarn surface. This process was able to utilize the benefits of both the Ag nanowires and PEDOT:PSS, where the Ag nanowires provided high conductivity, and PEDOT:PSS with EG provided excellent wash and wear resistance. The Ag nanowire/PEDOT:PSS-coated conductive silk yarns showed a high conductivity of up to ∼320 S/cm and excellent robustness after washing, showing no significant increase in resistance even after machine washing ten times with detergent. To demonstrate the utility of these yarns, a textile-based out-of-plane thermoelectric device was fabricated that incorporated the conductive silk yarn. In addition, a woven heating fabric using the conductive silk yarn as the Joule heating element was successfully fabricated, producing enough heat at an applied voltage of 2--3 V for wearable heating devices. It can be anticipated that the developed conductive silk yarns with high conductivity and excellent washability will help to accelerate the commercialization of robust wearable electronic devices.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.0c04316](https://pubs.acs.org/doi/10.1021/acsami.0c04316?goto=supporting-info).SEM images of silk, Ag nanowire-coated silk, Ag nanowire/PEDOT:PSS-coated silk yarn, and PEDOT:PSS-coated silk yarn; schematic and photo of bending tester and samples; comparison of machine washability with a commercial yarn; cross-sectional SEM image of Ag nanowire/PEDOT:PSS-coated yarns; EDX mapping image on the surface of Ag nanowire/PEDOT:PSS-coated yarns; SEM image of Ag nanowires; photograph of the miniature loom used to weave the Joule heating fabric, close-up photograph of the Joule heating fabric and a schematic representation of the plain weave fabric ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c04316/suppl_file/am0c04316_si_001.pdf))
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